The temperature dependence of denitrification was investigated for high nitrate nitrogen denitrification in an expanded granular sludge bed (EGSB) reactor. The optimal reaction temperatures were 15-35 C in which nearly complete denitrification was achieved with the removal of COD maintained over 80%.
Introduction
Some industrial wastewaters from the fertilizer, uranium, nuclear, metal nishing, cellophane, and explosives industries usually contain nitrate in high concentration. For instance, the effluent nitrogen concentration from the fertilizer industry can be as high as 950 mg L
À1
. 1 In the uranium industry, aer a liquid-liquid extraction, uranyl nitrate raffinate (UNR) contains up to 77 000 mg L À1 of nitrate. 2 Excess nitrate (NO 3 À ) in water bodies can lead to eutrophication 3 and presents a potential hazard to human health. 4 Therefore, treatment of highly concentrated nitrate wastewater has become a major concern in these industries.
Biological denitrication with the reduction of nitrate to nitrogen gas by heterotrophic bacteria under anoxic conditions is effective for nitrate removal and has been achieved in uid-ized bed biolm reactors (FBBR), 5 uidized-bed reactors (FBRs), 6 continuous stirred tank reactors (CSTR), 2 sequencing batch reactors (SBR), 7 sequencing batch biolm reactors (SBBRs) 8 and anoxic/oxic-membrane bioreactors (A/O-MBR). 9 In our previous studies, expanded granular sludge bed (EGSB) reactors was successfully applied for denitrication with high concentrations of nitrate nitrogen to 14 000 mg L À1 , in which the parameters including the ratio of carbon to nitrogen, upow liquid velocity V up , and pH value were investigated. [10] [11] [12] [13] In spite of those researches, more efforts still needs to be made in order for the practical application of promising EGSB reactor in the treatment of nitrate-rich wastewater.
Temperature is also an important parameter in the functioning of biological reactors. Elefsiniotis and Li pointed that a temperature change from 10 C to 20 C exerted a greater effect on both the specic denitrication and carbon consumption rates than a further temperature increase from 20 C to 30 C. 14 Adouani et al. found that average nitrogen abatement was slowed down when temperature decreased from 20 C to 5 C. 15 However, the vast majority of these previous studies mainly focused on the performance and were conducted by batch tests rather than continuous experiments. Considering the involvement of different bacteria in denitrication process, reactor temperature might affect microbial community structure and function, subsequently produce an impact on denitrication performance. However, little information is available for the EGSB reactor treating wastewater containing high nitrate concentration. Moreover, compared to low and medium temperature, high temperature over 35 C was rarely concerned. Whether denitrication could proceed is unknown. Since some wastewaters were discharged with high temperature or treated by thermophilic anaerobic digestion, additional knowledge on the denitrication process at high temperatures could offer a help in the design optimizing and practical application.
In the present study, the inuence of reaction temperature transition ranging from 10 C to 52 C on denitrication was explored based on a continuous EGSB reactor. Apart from the performance of the reactor, the molecular ecological mechanisms behind the response of denitriers and their function in combination of high-throughput sequencing and quantitative polymerase chain reaction (qPCR) technology was also fully investigated. The results may help to provide a comprehensively understanding of temperature effect on the denitrication process and theoretical support to enhance the performance of EGSB reactor treating high concentration nitrate wastewater.
Materials and methods

Experimental procedure
A lab scale EGSB reactor in this study was described in previous study. 10 The Plexiglas EGSB reactor was 60 mm in inner diameter and 910 mm high, giving a total volume of 3.02 L and a working volume of 1.74 L (Fig. S1 in ESI † 
Chemical and statistical analysis
Concentrations of nitrite and nitrate were measured using the colorimetric method and the ultraviolet spectrophotometric method, respectively. 16 The COD were determined by standard methods. SPSS 20.0 soware was applied for the calculation of t test in order to assess the signicant differences.
DNA extraction and polymerase chain reactions
Sludge samples were collected from the bottom of the reactor at different reaction temperatures (35 C, 25 C, 10 C and 52 C), three samples were taken at each temperature time point and mixed into one temperature sample and each temperature sample were named T35, T25, T10, and T52, respectively. The genomic DNA was extracted by FastDNA® SPIN Kit for Soil (MP Biomedicals, CA, USA). The concentration and purity of the DNA were determined by micro-spectrophotometry (ND-1000, NanoDrop, USA). PCR were conducted to amplify the denitrifying functional genes, including the nitrate reductase gene narG, nitrite reductase genes nirK and nirS, and the nitrous oxide reductase gene nosZ. The primers of denitrifying functional genes and PCR programs was listed in Table 2 . Detailed reaction system were described in literature. 12 
Quantitative real-time PCR (q-PCR)
The copy number for the four denitrifying functional genes (narG, nirK, nirS, and nosZ) was quantied using Rotor-Gene 6000 Series Soware 1.7 (QIAGEN, the Netherlands). The system of the q-PCR mixture (20 mL) contained 1.4 mL of ddH 2 O, 0.3 mL of each primer set (10 mM), 8 mL of template DNA (5 ng mL À1 ), and 10 mL of SYBR Premix EX Taq Super Mix (TaKaRa, Japan). The reaction programs are listed in Table 2 . Each sample was measured by three times for each functional genes.
Five to seven-point calibration curves (C t values versus log of initial target gene copy) were generated using a 10-fold serial dilution of the plasmid containing the target gene with a range from 10 9 to 10 3 copies. To minimize the variation in the DNA extraction efficiency of the samples, the eubacterial 16S rRNA gene was quantied simultaneously, 21 and the relative abundance of the target genes was normalized to each total bacterial community. The reaction efficiency of each gene ranged from 85.6% to 104.5% with R 2 values greater than 0.996 for all the calibration curves.
Pyrosequencing of the 16S rRNA gene
The bacterial DNA was amplied with a set of primers targeting the hypervariable V3-V4 region (about 526 bp) of the 16S rRNA gene. The forward primer was 341F (5 0 -CCTACGGGNGGCWG-CAG-3 0 ) and the reverse primer was 802R (5 0 -TACNVGGGTATC-TAATCC-3 0 ). 22, 23 High-throughput sequencing was conducted at Majorbio Bio-pharm Technology Co., Ltd (Shanghai, China) on Illumina Mi-seq platform. The generated raw sequences for all the samples were assigned by Ribosomal Database Project (RDP) (http://rdp.cme.msu.edu/) to roughly trim off the adapters and barcodes and remove sequences containing ambiguous 'N' nucleotides or those which were shorter than 200 bps. Then the reads were denoised using the Mothur so-ware (http://www.mothur.org/). Downstream taxonomic assignment was performed by RDP. The richness and diversity indices including operational taxonomic units (OTUs), Chao1, Shannon index (H 0 ), evenness index (E), were calculated by Mothur. In order for better understanding of the relationship between environmental factors and community composition, canonical correspondence analysis (CCA) was conducted by Past 3.21 soware in this study.
Results and discussion
3.1 Effect of temperature on the denitrication process the removal efficiency of the nitrate-N was lower with nitrite accumulation was observed. The peak concentration of effluent nitrite-N in the EGSB reactor was 122 mg L À1 . The denitrica-tion was obviously inhibited suggesting the incomplete denitrication in low temperature, which might due to the inhibition of the growth of some denitrifying bacteria by low temperature. Aer once again raising the temperature to 35 C, the denitrication of EGSB reactor was restored since the removal of nitrate increased and the effluent nitrite-N content decreased noticeably. Further raising the temperature high to 52 C, the denitrication was not apparently affected, and the removal efficiency of the nitrate-N maintained 99%. While the removal efficiency of COD decreased noticeably and the average removal efficiency was only about 70%. Although the removal efficiencies of nitrate nitrogen under all temperature conditions was above 97%, the t-test showed that there was an extremely signicant difference (p < 0.01) between nitrate removal of T52, T35, T25 and that of T10 (Table S2 † and thermophilic (55 C) anaerobic digestion of cattle manure. 24 It can be speculated that the denitrication and methanogenesis coexisted in thermophilic anaerobic digestion of organic wastewater containing nitrate. Denitrication process will play a competitive role with methanogenesis process. This was because that nitrate was energetically more favorable electron acceptors than CO 2 . In addition, denitriers and methanogens would competed for readily biodegradable carbon source such as acetate. 45 The inhibition of nitrite might also contributed the suppression of methanogenesis. 46 
Microbial diversity by pyrosequencing
To study the response of microbial community structure on the variation of temperatures, the T10, T25, T35, and T52 samples were each sequenced using pyrosequencing. A total of 59251 16S rRNA sequence reads were generated by the pyrosequencing of duplicate samples from the EGSB reactor. Aer the raw reads were denoised and their chimera were removed using the process reported in, 25 the number of selected bacterial sequences was 17 892, which were used in all the subsequent analyses.
Rarefaction analysis was employed to standardize and compare the observed taxon richness and to identify whether each sample was adequately sampled. In the rarefaction curves, distance values of 0.03, 0.05, 0.07, and 0.1 are generally accepted as points at which differentiation occurs at the species, genus and family/class levels, respectively. [26] [27] [28] [29] Since there is some controversy about these distinctions, particularly at the 0.03 cutoff for novel isolates, a more stringent 0.01 distance value was also calculated for the rarefaction curve. A rarefaction curve that reaches a plateau reects a habitat that has been sampled to saturation with respect to the species diversity in an ecosystem.
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The slopes for the four samples in the rarefaction curve were all at at the 0.03 level (Fig. S2 †) , thus the number of samples was reasonable. This result supports the usefulness of pyrosequencing as a tool for in-depth assessment of bacterial diversity as a function of 16S rRNA gene sequences in aquatic ecosystems. 10 The microbial diversity abundance of these samples was as follows: T35 > T10 > T25 > T52 (Fig. S2 †) . The T35 sample has a most abundant microbial diversity. The corresponding numbers of operational taxonomic units (OTUs), Chao1, Shannon index (H 0 ), and evenness index (E) are summarized in Table   3 , which also shows that the samples from the EGSB reactor differed in their diversity. The samples also showed considerably less richness compared with activated sludge from sewage treatment plants, 25, 32 where 1183-4120 OTUs were in a sludge sample at 3% cutoff level and H 0 varied from 6.3 to 7.3. 
Phyletic distribution analysis by pyrosequencing
Each of the samples from the four different reaction temperatures used in the denitrication treatment system in the EGSB reactor was assessed to determine the taxonomic composition at the phylum level; the results were shown in Fig. 2 . There are primarily seven phyla in the four samples including Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, Tenericutes, Synergistetes, and Deinococcus-Thermus. Obviously, Proteobacteria was the absolutely predominant phyla accounting for 89-96% in each sample followed by Firmicutes (1.9-6.0%) and Bacteroidetes (2.2-3.3%), which indicated that the three phyla played a dominant role in denitrication in the high nitrate wastewater treatment system using an EGSB reactor. This was consistent with the report that many types of denitriers are included in the phyla of Proteobacteria, Firmicutes and Bacteroidetes.
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Interestingly, the abundance of phylum Proteobacteria increased with the temperature increased to 52 C or decreased teroidetes were inhibited by temperature stress, while Proteobacteria thrived and enriched even in stress condition. It is noticed that phyla of Synergistetes and Deinococcus-Thermus were not be detectable in T10 sample comparing with the other three samples of T25, T35, and T52, revealing that the low temperature stress could wash out some species in Synergistetes and Deinococcus-Thermus. The taxonomic composition of the four samples at the genus level was further determined (Table S1 †) and an hierarchical cluster analysis was shown in Fig. 3 . It is obvious that the microbial community structure changed across the different reaction temperatures in the EGSB reactor. Some genus disappeared while some dominant genera strengthened. T35 sample had most microbiota in genera. Furthermore, 84 different genera were detected in the four samples. Among them, Halomonas, a genus within Gammaproteobacteria, occupied predominance comparing other genus, with the abundance of 81.59%, 45.68%, 41.62%, and 76.89% in T10, T25, T35, and T52 samples, respectively. In addition, the genus of Azoarcus, Pseudomonas and Wandonia were also dominant. The high percentage abundance in T10 and T52 revealed that Halomonas played a more important role in denitrication at temperature stress. Moreover, the complete removal of nitrate might be mainly attributed to the genus Halomonas, since nitrate reductases related to Gammaproteobacteria of the genus Marinobacter and Halomonas. 35 The genera Azoarcus which also play important roles in denitrication, [36] [37] [38] [39] [40] [41] was obviously inhibited at the low temperature. The relative abundance of Azoarcus was 29.13% at 35 C, whereas the relative abundance of Azoarcus was only 2.6% at 10 C, which might contribute to the nitrite accumulation and the decrease in the nitrate removal at 10 C (Fig. 1) . For better understanding of the relationship between environmental or operational factors and community composition at genus level, canonical correspondence analysis (CCA) was conducted in this study and the results was shown in Fig. 4 . Clearly, The nitrate removal vector almost overlapped with nitrite content in effluent vector with opposite direction. The temperature were positively associated to nitrate removal. The predominance Halomonas and Azoarcus correlated with nitrate removal and nitrite content in effluent, revealing their contribution on the denitrication. Pseudomonas and Wandonia had a positively correlation with COD removal, indicating that they might play an important role in the COD degradation in EGSB reactor.
Abundance of functional genes in an EGSB reactor
Denitrication functional genes nirK, nirS, narG, and nosZ, at different reaction temperatures in the EGSB reactor were investigated using qPCR technology and the results showed in Fig. 5 . The variation of temperature posed an obvious impact on the abundance of denitrication genes, which might due to the shi of bacterial community. The narG gene is oen used as a marker for the anaerobic conversion of NO 3 -N to NO 2 -N. 21 The relative abundance of the narG gene decreased with an increase in reaction temperature, and the relative abundance of the narG gene was the highest at low temperature (10 C), which might results from the enrichment of Halomonas and Marinobacter. Because previous studies showed that nitrate reductases related to Gammaproteobacteria of the genus Marinobacter and Halomonas by using the narG gene as a diagnostic marker for nitrate-reducing bacteria.
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Since the gas-producing process from nitrite to nitric oxide is critical in denitrication, the functional genes, nirK and nirS, are the most commonly studied when investigating denitrifying bacteria community structure. As can be seen in Fig. 5 , the genes of nirK and nirS exhibit different response to the temperature variation. Furthermore, the relative abundance of the nirS gene was one order of magnitude greater than that of the nirK gene, congruent with previous studies which reported that the nirS gene was environmentally more abundant than the nirK gene. 12, 42 Although nirK had a lower abundance than nirS in the different reaction temperature environments, the former oen plays a more crucial role in nitrite reduction. 43 In this study, T35 had the highest abundance of nirK functional gene indicating the powerful reduction ability of nitrite to nitric oxide at 35 C.
The nosZ gene (nitrous oxide reduction) oen acts as a marker for complete denitrication. 44 In this study, the nosZ gene was the most abundant with an average fraction of 28.1%, greatly exceeding the other target functional narG, nirK, and nirS genes. This indicated that the reduction rate of nitrous oxide to nitrogen was rapid in the EGSB reactor. Perhaps denitrifying organisms that possess the nosZ gene also played an important role in denitrication in this system.
Conclusions
Complete denitrication with high content of inuent nitrate nitrogen was accomplished in the EGSB reactor at C.
Accumulation of nitrite was observed at low temperature of 10 C.
High temperature of 52 C induced a noticeably decrease of COD removal. The microbial diversity was highest in the condition of 35 C. Seven bacterial phyla and 84 bacterial genera were detected in the EGSB reactor. Firmicutes and Bacteroidetes were inhibited while Proteobacteria thrived in temperature stress. Halomonas, Azoarcus, and Marinobacter were dominant genera. Halomonas played an important role in denitrication at temperature stress. The genera Azoarcus reduction might contribute to the nitrite accumulation at 10 C. The denitrication functional genes, nirK, nirS, narG, and nosZ, also exhibited different dependences of temperature due to the shi of denitrier community.
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